Although a large body of evidence indicates that the renin-angiotensin system mediates the renal control of aldosterone secretion, there is little information pertinent to the question of whether renin or angiotensin II mimics the effects of aldosterone on water and electrolyte metabolism. In view of the well-documented stimulatory action of angiotensin II on aldosterone secretion (2), the effects of the octapeptide on electrolyte metabolism should correspond with those of aldosterone unless there are extraadrenal actions of angiotensin II that override the effects of aldosterone. There is evidence, for example, that under certain circumstances angiotensin II inhibits the renal tubular reabsorption of sodium (3, 4) . In our present study, the effects of prolonged infusion of angiotensin II were examined in dogs with a large arteriovenous (a-v) fistula andi were compared with the effects of desoxycorticosterone acetate (DCA) and of aldosterone. Angiotensin II was also infused into adrenalectomized dogs with an a-v fistula during maintenance with small amounts of adrenocortical steroids.
Although a large body of evidence indicates that the renin-angiotensin system mediates the renal control of aldosterone secretion, there is little information pertinent to the question of whether renin or angiotensin II mimics the effects of aldosterone on water and electrolyte metabolism. In view of the well-documented stimulatory action of angiotensin II on aldosterone secretion (2) , the effects of the octapeptide on electrolyte metabolism should correspond with those of aldosterone unless there are extraadrenal actions of angiotensin II that override the effects of aldosterone. There is evidence, for example, that under certain circumstances angiotensin II inhibits the renal tubular reabsorption of sodium (3, 4) . In our present study, the effects of prolonged infusion of angiotensin II were examined in dogs with a large arteriovenous (a-v) fistula andi were compared with the effects of desoxycorticosterone acetate (DCA) and of aldosterone. Angiotensin II was also infused into adrenalectomized dogs with an a-v fistula during maintenance with small amounts of adrenocortical steroids.
Dogs with a large arteriovenous fistula do not manifest the normally occurring "escape" from the sodium-retaining action of exogenous electrolyte-active steroids (5) ; otherwise, electrolyte metabolism appears to be normal, and the animals maintain sodium balance in the often long interval between fistula placement and the onset of congestive heart failure. During prolonged mineralocorticoid treatment, dogs with an a-v fistula but without cardiac failure continue to retain sodium virtually completely, whereas nor-* Submitted for publication November 18, 1963; ac- cepted February 24, 1964 .
A preliminary report has appeared (1) . mal dogs regain sodium balance after only 1 to 2 days of frequently incomplete sodium retention (6) . In normal dogs, angiotensin II also produces only transient sodium retention (7) . In dogs with an a-v fistula, however, the effects of angiotensin II that are attributable to aldosterone should be clearly evident and should not be obscured by the renal escape phenomenon.
The onset of heart failure in dogs with an a-v fistula is marked by the development of hypersecretion of aldosterone, sodium retention, and. central venous congestion (8) . The increased secretion of aldosterone is effected by the kidneys, apparently through the renin-angiotensin system, as in other states of spontaneous secondary hyperaldosteronism. If the conclusion is correct that it is increased renin release and thus enhanced angiotensin II formation that induces hypersecretion of aldosterone and consequent sodium retention, then the administration of angiotensin II to dogs with an a-v fistula but without cardiac failure should produce the changes in electrolyte metabolism characteristic of spontaneous secondary hyperaldosteronism. Valine-5-angiotensin II 1 or d-aldosterone in saline was infused intravenously through an indwelling femoral venous catheter, which had been inserted percutaneously using a thin-wall needle. A Rose osmotically driven infusion pump (9) provided an average infusion rate of 11 ml per 24 hours and was constant to within 1 Hypertensin, Ciba Pharmaceuticals, Summit, N. J. 1355 (11) . The values for adrenocortical hormone secretion rates were calculated as the product of the concentration of hormone in adrenal venous plasma and the rate of flow of plasma from one gland. Sodium and potassium in fecal extracts, urine, and plasma were determined by flame photometry; these cations were leached from feces by methods previously described (12) . Arterial blood pressure was measured in the femoral artery by direct needle puncture using a Statham strain gauge and a Sanborn recording system. External jugular venous pressure was determined with a water manometer, using the same reference level throughout each experiment.
Adrenalectomized dogs received 12.5 mg of cortisone acetate orally and 0.5 or 0.75 mg of DCA in oil intramuscularly once daily. One of the two dose levels of DCA proved to be sufficient to achieve approximate sodium balance in each of the adrenalectomized dogs.
The pressor response to single intravenous injections of angiotensin II was determined by a technique reported previously (13) .
Results
Effects of angiotenin II on sodium, water, and potassium metabolism in dogs with ant a-v fistula.
Both urinary and fecal sodium excretion decreased during angiotensin infusion (Table I-A). Figure 1 II retained sodium almost completely and formed edema during the infusion period. The least reduction in average sodium excretion was observed in dog 1 (Table I-A) , which excreted 50 mEq on the second day of infusion concomitant with an inadvertent 50%o reduction in output by the osmotic pump; on the other 6 days of infusion, urinary sodium excretion ranged between 4.4 and 13.7 mEq. After the infusion had been discontinued, each of the four dogs underwent a diuresis, with negative sodium balance lasting 1 to 4 days. The upper half of Figure 2 shows the effect of an 11-day infusion of angiotensin on daily urinary sodium excretion in dog 2.
Urine volume was not altered appreciably by angiotensin, but water intake approximately doubled during the infusion in each dog. During the first 1 to 2 days after cessation of infusion, water consumption dropped virtually to zero in three of the dogs, while urine volume increased 2-to 4-fold for several days in each animal.
Potassium balance was negative to a slight extent in dog 3 during angiotensin infusion but was unaffected in the other dogs (Table I-A) . Angiotensin increased fecal potassium excretion in each animal. This change together with a decline in fecal sodium excretion led to a marked decrease in the fecal sodium/potassium ratio in three of the four dogs (Table I-A) . This alteration in fecal electrolyte excretion is characteristic of spontaneous secondary hyperaldosteronism ( 14) and of treatment with large doses of electrolyteactive steroids (6) . Neither plasma sodium nor potassium concentration was affected by angiotensin.
Effects of DCA or aldosterone on sodium, water, and potassium metabolism in dogs with an a-v fistula. For comparison with the effects of angiotensin II, a large daily intramuscular dose of DCA was given to dog 2 ( Figure 3) , and a 5-day intravenous infusion of d-aldosterone was given to dog 5 ( Figure 4 sodium retention as previously reported (5), decreased fecal sodium excretion, slightly negative potassium balance, increased fecal potassium excretion, and a moderate decline in plasma potassium concentration. Urine volume was unaffected by either steroid. By contrast, in normal animals the electrolyte-active steroids produce transient sodium retention, prolonged kaluresis, rapid development of hypokalemia, and a large increase in water exchange (6) .
Effects of angiotensin II on sodium, water, and potassium metabolism in adrenalectomized dogs with an a-v fistula. Three of the four dogs that had received an angiotensin infusion were subsequently bilaterally adrenalectomi7ed and then given maintenance doses of cortisone acetate and DCA. After 4 to 5 days of suitably stable sodium balance with maintenance therapy constant, angiotensin II infusion was repeated. Figure 2 illustrates the contrasting effects of angiotensin on urinary sodium excretion before (upper half) and after (lower half) adrenalectomy in dog 2. The pressor response of dogs with an a-v fistula to single injections of angiotensin II was significantly reduced below that of normal dogs. Figure 6 illustrates the relationship between the dosage of angiotensin II and the peak increment in mean arterial pressure after injection of the octapeptide in normal animals and in four animals with an a-v fistula. The data in Figure 6 for normal dogs were obtained earlier (13), but in the present study another group of normal animals showed a response almost identical to the earlier findings. The average increments in mean arterial pressure for the four new normal dogs were 25, 38, 44, and 52 mm of Hg for doses of 0.5, 1, 2, and 4 ug of angiotensin, respectively. A reduction in pressor response to angiotensin has been reported in dogs with hyperaldosteronism secondary to thoracic caval constriction and to sodium depletion (13) , and for comparison those data are also included in Figure 6 . The reduction in pressor response to angiotensin II appears to be somewhat greater in the dogs with secondary hyperaldosteronism than in dogs with an a-v fistula but without cardiac failure.
Discussion Dogs with an a-v fistula but without cardiac failure reveal no evidence of deranged electrolyte metabolism other than their failure to escape from the sodium-retaining action of electrolyteactive steroids. This occult abnormality does not entail compromise of sodium balance when aldosterone secretion rate is normal; these animals undergo diuresis rapidly after a period of sodium retention induced by angiotensin or exogenous steroid, and they excrete a dietary sodium load as briskly as do normal dogs. GFR, as measured in the postabsorptive state, was reduced below normal in dogs with an a-v fistula (8) , but reductions of GFR of similar magnitude produced experimentally by renal arterial constriction in unilaterally nephrectomized dogs did not block the renal escape phenomenon (15) . In dogs with an a-v fistula, the postprandial increments in GFR are normal in magnitude, and they coincide with normal increments in sodium excretion to rates in excess of 100 ptEq per minute (5, 15) . During DCA administration to dogs with an a-v fistula (5), the postprandial increase in GFR was indistinguishable from the normal response, whereas renal sodium excretion was markedly reduced. The basis for the abnormally sustained renal response to electrolyte-active steroids in dogs with an a-v fistula or other circulatory lesions is not known, but this phenomenon does not appear to be attributable to impaired renal perfusion or to pre-existing, grossly attenuated renal excretion of sodium.
In the present experiments, angiotensin II simulated the actions of aldosterone on urinary sodium excretion and on the fecal excretion of sodium and potassium. There was no suggestion that these actions of angiotensin were transitory, as reported by Blair-West and his colleagues in sheep (16) . There appeared to be some discrepancy between the actions of the electrolyteactive steroids and of angiotensin on plasma potassium concentration. The present data are not sufficient to establish whether this difference is attributable only to different levels of mineralocorticoid activity or whether an additional mechanism is involved. In any event, the lack of effect of angiotensin on plasma potassium concentration corresponds with spontaneous secondary hyperaldosteronism, in which the plasma potassium level is usually unaltered (8, 17) .
Our data on the effects of angiotensin II in dogs with an a-v fistula and intact adrenals differ strikingly from the response observed in normal dogs (7) . The average values for sodium excretion in the adrenalectomized dogs with an a-v fistula were lower in the period of angiotensin infusion than in the control period. In the 5-day postinfusion period, average daily renal sodium excretion re-1363 mained low in one of the dogs and declined still further in the other two. It is, therefore, not possible to conclude that angiotensin had an effect on renal sodium excretion. If angiotensin had exerted an appreciable effect on sodium excretion, there should have been an increase in sodium excretion during the recovery period. Since the maintenance doses of cortisone acetate and DCA were minimal and possibly inadequate at times, progressive drop in GFR might have occurred. Furthermore, angiotensin could have reduced GFR slightly. Regardless of the mechanism of these relatively small changes in sodium excretion, the most compelling result in the studies of the adrenalectomized dogs is that angiotensin failed to produce complete sodium retention or edema formation, whereas these had been the effects of angiotensin before adrenalectomy.
The results from infusion of angiotensin into the adrenalectomized dogs strongly indicate, that the renal action of angiotensin II was mediated by the adrenal cortex. This conclusion is supported by the demonstration of aldosterone hypersecretion during angiotensin infusion and by the unequivocal sodium retention that occurred during an infusion of aldosterone into dog 5 at an average rate (.062 ,kg per minute), comparable to that at which aldosterone was secreted during angiotensin infusion in the same animal (.035 ,ug per minute per gland). In this connection it is interesting that a dose of angiotensin of 20 ug per kg per day increased aldosterone excretion in urine in normal dogs (7) , and there was no evidence of tachyphylaxis for periods of 5 to 10 days. A tenfold elevation in urinary aldosterone excretion was observed for as long as 5 days with a dose of 80 ug per kg per day of angiotensin in normal dogs (7).
There was no indication in our results of an inhibitory action of angiotensin II on renal tubular reabsorption of sodium, which Laragh and his associates (3) and Vander (4) have reported. Laragh and co-workers gave angiotensin at considerably greater rates than those employed in the present experiments. Vander gave the octapeptide directly into the left renal artery at a rate comparable to our peripheral intravenous rate of infusion of angiotensin and observed inhibition of distal tubular sodium reabsorption in the left kidney, but because of dilution of infused angiotensin by systemic blood, he observed no effect on the right kidney unless the infusion rate was increased three-to fourfold.
The physiological significance of this direct tubular action of angiotensin depends, as Vander has suggested, on whether the concentration of angiotensin II is high in renal capillary plasma, i.e., if there is significant local formation of angiotensin by newly secreted renin. The rates of angiotensin infusion employed in the present study indicate, however, an approximate value for the rate of angiotensin formation in experimental secondary hyperaldosteronism; Vander's results suggest that if angiotensin were formed at this rate predominantly within the kidney, then inhibition of sodium reabsorption would occur. Since quite the opposite occurs in secondary hyperaldosteronism (14) , the quantity of angiotensin formed intrarenally is seemingly insufficient to inhibit sodium reabsorption even when renin secretion is high. (18) . Certainly angiotensin is capable of stimulating the secretion of adrenocortical steroids other than aldosterone from isolated adrenals, either in vivo (cf. 2) or in vitro (19) , but in intact auiimals the feedback inhibition of ACTH release by corticosteroids may act to offset the stimulatory action of angiotensin on corticosterone or cortisol secretion. In this fashion, the negative feedback control of glucocorticoid secretion (cf. 20) may impose a selectivity on the steroidogenic activity of angiotensin II in the intact animal, which cannot occur in isolated adrenals or in hypophysectomized animals.
The reduced sensitivity of dogs with an a-v fistula to the pressor action of single injections of angiotensin II is unexplained. A similar, although greater, reduction in responsiveness to angiotensin has been reported earlier in dogs with hyperaldosteronism and sodium retention secondary to thoracic inferior vena caval constriction or sodium depletion (13) . Each of the four dogs with an a-v fistula comprising the present data was in sodium balance at the time of angiotensin injection. The aldosterone secretion rate is normal in such animals with an a-v fistula but without heart failure (21). Our data, therefore, do not support the contention of Bartter, Pronove, Gill, and MacCardle (22) that diminished responsiveness to the pressor effects of angiotensin II serves as a stimulus to renin release and thereby to aldosterone hypersecretion.
In the present chronic experiments, angiotensin II appeared to act like the aldosterone-stimulating hormone, for no fundamental discrepancy was evident between the effects of angiotensin infusion and spontaneous secondary hyperaldosteronism. These findings strengthen the conclusion, already based on a large body of evidence, that it is the renin-angiotensin system which mediates the renal control of aldosterone secretion. Summary Dogs with a large arteriovenous fistula do not escape from the sodium-retaining effect of desoxycorticosterone or aldosterone; these animals were therefore employed to study the effects of angiotensin II in order that the octapeptide's actions which are mediated by aldosterone might be clearly evident. Dogs with a large arteriovenous fistula received a continuous intravenous infusion of angiotensin II for 6 to 11 days. Angiotensin produced virtually complete sodium retention, edema formation, and a lowered fecal sodiunm/potassium ratio but had little or no effect on arterial or venous pressures, potassium balance, or plasma sodium or potassium concentrations. Bilateral adrenalectomy prevented the sodium-retaining action of angiotensin when steroid replacement dosage was held constant. Hypersecretion of aldosterone occurred during angiotensin infusion in each of two dogs in which adrenocortical secretion rates were measured in the conscious state. Angiotensin II mimics the actions of desoxycorticosterone or aldosterone on urinary and fecal sodium excretion and on fecal potassium excretion, although the steroids tend to produce a decreased plasma potassium concentration in dogs with an a-v fistula. In the present experiments angiotensin produced the derangements of electrolyte metabolism that are characteristic of spontaneous secondary hyperaldosteronism.
